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SUMMARY 
 
The flexural capacity of reinforced concrete structural elements can be increased by epoxy 
bonding external reinforcement in the form of unidirectional carbon fiber reinforced polymer 
(UD-CFRP) plate/s to the tension surface, thus creating a composite element. Dedonding of the 
UD-CFRP plate from the concrete surface is the most common failure mode. This experimental 
study investigates if additional mechanical anchorage to the epoxy bonded UD-CFRP plate will 
have a combining effect. Single shear pull off tests was conducted for the following three 
bonding mechanisms (1) UD-CFRP plate epoxy bonded to a concrete block; (2) UD-CFRP 
plate mechanically bonded to a concrete block; (3) UD-CFRP plate epoxy and mechanically 
bonded to a concrete block. The experimentally determined pull-off forces is also compared to 
the theoretically calculated forces. 
 
1. INTRODUCTION 
 
The technique of externally bonding steel plates to the tension surface of a reinforced concrete 
structural element by means of epoxy, creating a composite element was developed in the 
1960’s. In recent years UD-CFRP plates instead of steel plates are used due to better rust 
resistance and lighter weight. 
 
A structural composite member’s capacity is based on the interaction between the bonded 
plate and the concrete surface. Debonding of the plate, occurs instantaneous due to cracks in 
the tension zone of the concrete, obliterate this interaction between the bonded plate and the 
concrete. This experimental study investigate if additional mechanical anchorage to the epoxy 
bonded UD-CFRP plate will have a combining effect, therefore (1) prevent instantaneous 
debonding of the plate from the concrete surface; (2) increase the ductility of the bond 
between the plate and the concrete surface; (3) increase the bond strength between the plate 
and the concrete surface. 
 
The following experimental single shear pull off tests was conducted to establish the basis for 
the combining bonding capacities of epoxy and mechanical anchorage of the UD-CFRP plates 
to the concrete surface (1) plate epoxy bonded to a concrete block; (2) plate mechanically 
bonded to a concrete block; (3) plate epoxy and mechanically bonded to the concrete block. 
 
Yao et al. (2004) theory was used to compare the theoretically calculated forces to the 
experimental pull-off forces of the UD-CFRP plates epoxy bonded to the concrete block. 
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2. EXPERIMENTAL PROGRAM 
 
The single shear pull-off test, with the near end supported, as described by Yao et al. (2004) 
was used to determine the differences in bond strength between the UD-CFRP plate and the 
concrete block. The available laboratory equipment compel the setup of the single shear pull-
off test to be done in a vertical plane, as indicated in Figure 1, instead of a horizontal plane as 
described by Yao et al. (2004). 
 
Concrete blocks, 150 x 150 x 750 mm long, were constructed and used as test specimens onto 
which the UD-CFRP plates were bonded. The average cube strength (fcu) of the concrete 
blocks is 45.7 MPa with a cylinder strength (f'c) of 36.6MPa. 
 
The concrete surface was prepared by removing the cement laitance by means of scabbling to 
expose the well bonded large aggregate. Pro-Struct 617LV primer was applied which 
penetrate the concrete surface onto which the Pro-Struct617NS epoxy could bind. The epoxy 
was applied to the UD-CFRP plate and firmly pressed to the concrete block for 24 hours to 
provide a good bond. 
 
The mechanical bond was established by drilling a 12 mm hole through the UD-CFRP plate 
into the concrete block to install a Hilti M10 HAS-(E) chemical anchor. Epoxy was placed 
between the washer, 50 mm diameter and 4 mm thick, and the nut of the mechanical anchor 
was torqued to 20 Nm to ensure a friction connection between the UD-CFRP plate and the 
concrete surface. 
 
The pull off rate of the UD-CFRP plate from the concrete block, for the single shear pull-off 
test, was 0.02 mm/s. The slip was measured by means of two linear resistive positive 
transducers (LRPT) which were bolted to the UD-CFRP plate and measured to the loaded 
surface of the concrete block as indicated in Fig. 1. 
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(a)                                  (b)                                                                  (c) 
Fig.  1.  Single shear pull-off test with the near end supported (a) Schematic front view (b) 
Schematic side view (c) Image of complete set-up 
 
Tab. 1 indicates the number of specimens prepared to be tested by means of the single shear 
pull-off test and the type of the type of bond between the UD-CFRP plate and the concrete 
block. 
 
Tab.  1.  Number of pull off specimens prepared 
 
Specimen 
name 
Bonded UD-CFRP plate 
Type of bonding 
Plate 
Thickness 
(tUD-CFRP) 
(mm) 
Plate 
Width 
(bUD-CFRP) 
(mm) 
Bonded 
Length   
(LUD-CFRP) 
(mm) 
EB1 1.2 50 550 Epoxy bonded 
EB2 1.2 50 550 Epoxy bonded 
EB3 1.2 50 550 Epoxy bonded 
EB4 1.2 50 550 Epoxy bonded 
EB5 1.2 50 550 Epoxy bonded 
EB6 1.2 50 550 Epoxy bonded 
MB1 1.2 50 550 Mechanically bonded 
MB2 1.2 50 550 Mechanically bonded 
MB3 1.2 50 550 Mechanically bonded 
EMB1 1.2 50 550 Epoxy and mechanically bonded 
EMB2 1.2 50 550 Epoxy and mechanically bonded 
EMB3 1.2 50 550 Epoxy and mechanically bonded 
EMB4 1.2 50 550 Epoxy and mechanically bonded 
EMB5 1.2 50 550 Epoxy and mechanically bonded 
EMB6 1.2 50 550 Epoxy and mechanically bonded 
  
P P
Lm 
bUD-CFRP 
bc 
150 x 150 x 750 
mm long Concrete 
block
50 mm wide UD-
CFRP plate 
10 mm Mechanical 
anchor with 50 x 4 
mm thick washer
LUD-CFRP 
P 
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3. TEST RESULTS AND DISCUSSIONS 
 
The experimental results obtained from the single shear pull-off tests (1) epoxy bonded, (2) 
mechanical bonded and (3) combined epoxy and mechanically bonded UD-CFRP plates to the 
concrete is indicated in the load-deflection graphs in Fig  2, 3 and 4 below: 
 
 
 
Fig.  2.  Load deflection graph for single shear pull-off test, 50 x 1.2 mm UD-CFRP 
plate epoxy bonded to concrete 
 
 
 
Fig.  3.  Load deflection graph for single shear pull-off test for 50 x 1.2 mm UD-CFRP 
plate mechanically bonded to concrete 
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Fig.  4.  Load deflection graph for single shear pull-off test for 50 x 1.2 mm UD-CFRP 
plate epoxy and mechanically bonded to concrete 
 
The maximum pull-off forces and deflections for (1) epoxy bond (Pexper,EB); (2) mechanical 
bond (Pexper,MB) and (3) combined epoxy and mechanical bond (Pexper,EMB) obtained from the 
single shear pull-off test are listed in Tab. 2. 
 
Tab.  2.  Maximum single shear pull-off forces and deflections 
 
Name 
Epoxy 
Bond 
Mechanical 
Bond 
Combined Epoxy 
And Mechanical Bond 
Pexper,EB 
(kN) 
yexper,EB 
(mm) 
Pexper,MB 
(kN) 
yexper,MB 
(mm) 
Pexper,EMB 
(kN) 
yexper,EMB 
(mm) 
EB1 27.2 1.97  
EB2 27.2 1.39  
EB3 37.4 1.14  
EB4 25.7 1.45  
EB5 42.1 1.61  
EB6 42.5 1.27  
MB1   23.9 6.18  
MB2   16.5 2.94  
MB3   25.4 6.37  
EMB1   29.2 1.71 
EMB2   29.8 2.17 
EMB3   35 2.03 
EMB4   37 2.36 
EMB5   35.4 2.46 
EMB6   35.7 1.26 
 
The average pull-off forces at which debonding of the UD-CFRP plates from the concrete 
surface occur is (1) Pexper,EB is 33.7kN for epoxy bonding,, (2) Pexper,MB is 21.9kN for 
mechanical bonding and (3) Pexper,EMB is 33.7kN for combined epoxy and mechanical 
bonding. The epoxy bond is 54% stronger than the mechanical bond indicating that an epoxy 
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bond create a stronger bond than a mechanical bond. The combined of epoxy and mechanical 
bond yield a maximum pull-off force of (Pexper,EMB) is 33.7kN, almost the same as for an 
epoxy only bonding (Pexper,EB) 33.7kN. It is therefore evident that no increase in the pull-off 
force could be obtained by combining the epoxy and mechanical bond even if a 50 mm 
diameter washer providing a friction connection was used. 
 
The average deflection at which debonding of the UD-CFRP plate from the concrete surface 
occur is (1) yexper,EB is 1.47mm for epoxy bonding; (2) yexper,MB is 5.16mm for mechanical 
bonding and (3) yexper,EMB is 2.00mm for combined epoxy and mechanical bonding. Since 
debonding occur at 2.00mm (yexper,EMB) for a combined epoxy and mechanical bond and at 
1.47mm (yexper,EB) for an epoxy bond it is evident that the combined epoxy and mechanical 
bond have a more ductile failure mode. 
 
4. COMPARING THE MAXIMUM EXPERIMENTALLY TESTED PULL-OFF 
FORCES TO THE THEORETICALLY CALCULATED FORCES. 
 
Comparing the experimental pull-off forces of the UD-CFRP plates (Pexper,EB), epoxy bonded to 
the concrete block, to the theoretically calculated forces (Ptheory,EB), Yao et al. (2004) theory was 
used. Equations 1, 2, 3 and 4 makes provision for both fiber reinforced polymer (FRP) and steel 
plates. 
 
௨ܲ ൌ ܾ஼ிோ௉ߙߚௐߚ௟ܮ௘ඥ݂′௖         (1) 
α = 0.427 for best fit value 
α = 0.315 for 95th percentile 
 
ߚௐ ൌ ඨ
ଶି௕಴ಷೃು ௕೎ൗ
ଵା௕಴ಷೃು ௕೎ൗ
          (2) 
 
ߚ௟ ൌ ቊ
1.0																					݂݅	ܮ஼ிோ௉ ൒ ܮ௘
ݏ݅݊ గଶ
௅಴ಷೃು
௅೐ 						݂݅	ܮ஼ிோ௉ ൏ ܮ௘
        (3) 
 
ܮ௘ ൌ ටா಴ಷೃು௧಴ಷೃುඥ௙ᇱ೎           (4) 
In which ܧ஼ிோ௉		and ݂′௖	are in MPa, ݐ஼ிோ௉ and ܮ௘ are in mm. 
 
The comparison of the experimental pull-off forces (Pexper,EB) of the UD-CFRP plates, epoxy 
bonded to the concrete block, to the theoretically calculated forces (Ptheory,EB) is indicated in Tab 
3. 
  
 7 
Tab.  3.  Comparing the experimentally tested (Pexper,EB) to the theoretically calculated 
(Ptheory,EB) pull-off forces. 
 
Name 
UD-CFRP plate 
βw f'c (Mpa) 
Le 
(mm) β1 α 
Ptheory
,EB 
(kN) 
Pexper,
EB 
(kN) 
Ptheory,EB 
/ 
PexperEB 
tCFRP 
(mm) 
bCFRP 
(mm)
LCFRP 
(mm) 
EB1 1.2 50 550 1.12 36.6 181.0 1.0 0.427 26.1 27.2 0.96 
EB2 1.2 50 550 1.12 36.6 181.0 1.0 0.427 26.1 27.2 0.96 
EB3 1.2 50 550 1.12 36.6 181.0 1.0 0.427 26.1 37.4 0.70 
EB4 1.2 50 550 1.12 36.6 181.0 1.0 0.427 26.1 25.7 1.02 
EB5 1.2 50 550 1.12 36.6 181.0 1.0 0.427 26.1 42.1 0.62 
EB6 1.2 50 550 1.12 36.6 181.0 1.0 0.427 26.1 42.5 0.61 
 
The theoretical calculated pull-off force (Ptheory,EB) produce the best comparison to the 
experimentally tested pull-off force (Pexper,EB) with the best fit value (α) of 0.427). The 
experimental test results (Pexper,EB) for UD-CFRP plates yield average pull-off forces 18.8% 
higher than the theoretically calculated results. 
 
The comparison of the experimental pull-off forces (Pexper,MB) of the UD-CFRP plates, epoxy 
bonded to the concrete block, to the theoretically calculated pull-off forces (VRd,s ) is indicated 
in table 4. 
 
Tab.  4.  Comparing the experimentally tested (Pexper MB) to the theoretically calculated (VRd,s) 
pull-off forces. 
 
Name Bolt Diameter 
VRd,s 
(kN) 
Pexper,MB 
(kN) Failure Mode 
Ptheory,MB 
/ 
Pexper,MB 
MB1 M10 13.70 23.90 
UD-CFRP plate bearing 
failure 0.57 
MB2 M10 13.70 16.50 
UD-CFRP plate bearing 
failure 0.83 
MB3 M10 13.70 25.40 
UD-CFRP plate bearing 
failure 0.54 
 
The experimental tested pull-off forces (Pexper,MB) of UD-CFRP plates from concrete, 
mechanically bonded, yield average forces of 60.1% higher than the shear strength (VRd,s), as 
per the Hilti catalogue. Since the CFRP plates is uniformly directional weaved it have no 
shear resistance, the only shear resistance provided is from the friction connection provided 
by the 50mm washer torqued onto the UD-CFRP plate. 
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5. CONCLUSIONS 
 
The data collected from this experimental study disclose that: (1) The combination of epoxy 
and mechanical bond (Pexper,EMB) to concrete yield pull-off results similar as to epoxy bonding 
(Pexper,EB) only. It is therefore evident that no increase in the pull-off force could be obtained 
by combining the epoxy and mechanical bond. (2) Debonding for combined epoxy and 
mechanical bond (yexper,EMB) occur at a larger deflection as for an epoxy bond (yexper,EB) only, 
which indicate that a more ductile failure mode can be achieved by adding mechanical 
anchors to an UD-CFRP plate bonded by means of epoxy only. (3) The experimental test 
results (Pexper,EB) for UD-CFRP plates yield average pull-off forces 18.8% higher than the 
theoretically calculated results. (4) The experimental tested pull-off forces (Pexper,MB) of UD-
CFRP plates from concrete, mechanically bonded, yield average forces of 60.1% higher than 
the shear strength (VRd,s), indicating that the only shear resistance is provided from the 50mm 
washer torqued onto the UD-CFRP plate providing a friction connection. 
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